MTI/G-Gly mice and hGAS mice, overexpressing glycineextended gastrin (G-Gly) and progastrin, respectively, display colonic mucosa hyperplasia, hyperproliferation, and an increased susceptibility to intestinal neoplasia. Here, we have used these transgenic mice to analyze in vivo the modulation of intracellular signaling pathways that may be responsible for the proliferative effects of gastrin precursors. The expression, activation, and localization of signaling and cell-to-cell adhesion molecules were studied using immunofluorescence and Western blot techniques on colonic tissues derived from MTI/G-Gly, hGAS, or wild-type FVB/N mice. These analyses revealed an up-regulation of Src tyrosine kinase and related signaling pathways [phosphatidyl inositol 3V -kinase (PI3K)/ Akt, Janus-activated kinase (JAK) 2, signal transducer and activator of transcription (STAT) 3, and extracellular-signal regulated kinases (ERK)] in both MTI/G-Gly and hGAS mice compared with the wild-type control animals as well as an overexpression of transforming growth factor-A (TGF-A). In contrast, overexpression of the gastrin precursors did not affect the activation status of STAT1 nor the expression and the distribution of adhesion proteins ( focal adhesion kinase, cadherins, and catenins). We report for the first time that the transition from a normal colonic epithelium to a hyperproliferative epithelium in MTI/G-Gly and hGAS mice may be a consequence of the up-regulation of Src, PI3K/Akt, JAK2, STAT3, ERKs, and TGF-A. Deregulation of cell adhesion, a late event in tumor progression, does not occur in these transgenic models. (Cancer Res 2005; 65(7): 2770-7)
Introduction
Hyperproliferation and hyperplasia of the colonic mucosa are associated with an increased risk of colon cancer development and likely represent early stages in the sequence of events leading to adenocarcinoma. The factors involved in this hyperproliferative response remain largely unknown. However, numerous data suggest that precursors of gastrin, a gastrointestinal peptide hormone, could contribute to neoplastic progression in colon. As with many peptide hormones, gastrin is synthesized as a large precursor molecule, preprogastrin, which is processed to progastrin after the cleavage of the NH 2 -terminal signal peptide. Progastrin then undergoes posttranslational modifications leading to a processing intermediate of gastrin, glycine-extended gastrin (G-Gly), which serves as a substrate for the synthesis of the mature amidated gastrin (1) . High concentrations of gastrin precursors, progastrin, and G-Gly, have been observed in colon tumors and in blood of patients with colorectal cancer (2, 3) . These precursors represent 90% to 100% of the gastrin peptides produced by colon tumor and are found in 80% to 90% of colorectal polyps in human (4) . Numerous groups have shown that G-Gly and progastrin act as growth factors for nontransformed cells and colon cancer cell lines (5) (6) (7) (8) . Furthermore, transgenic mouse models overexpressing progastrin (hGAS mice) or G-Gly (MTI/G-Gly mice) have confirmed in vivo these observations (9, 10) . Histologic studies and bromodeoxyuridine incorporation on colon from these transgenic mice have shown hyperplasia of the colonic mucosa and increased epithelial proliferation. In addition, hGAS mice treated with a chemical carcinogen, azoxymethane, display an increased predisposition to develop preneoplastic lesions or even colonic adenocarcinoma compared with wild-type control mice (11) . Taken together, these studies show the role of progastrin and G-Gly in early events potentially involved in colonic carcinogenesis, namely hyperproliferation and hyperplasia, but also suggest that progastrin may play role of co-carcinogen for colonic epithelial cells. However, the in vivo molecular mechanisms involved in progastrin and G-Gly mitogenic effects remain largely unknown.
The nonreceptor tyrosine kinase p60-Src is well established as an oncogene, and several studies have linked Src to colon cancer. Increased Src expression and activation have been described in colon cancer cell lines and in primary colon cancer resection specimens (12) . Moreover, in vivo studies comparing p60-Src activation levels between nonmalignant and malignant polyps have shown that the activation of tyrosine kinase is likely an early event in the colonic tumor process (13, 14) . In addition, another attractive candidate is the phosphatidyl inositol 3V -kinase (PI3K)/ Akt pathway, which is involved in the regulation of many cell processes including proliferation and survival. LY294002, a PI3K specific inhibitor, has been shown to inhibit growth and to induce apoptosis in several human colon cancer cell lines (15) . Moreover, phosphorylation (on Ser 473 ) of Akt, also named protein kinase B, a downstream effector of PI3K, has been involved in apoptosis inhibition and tumor progression in human colorectal carcinoma (16) . Finally, during the last decade, the involvement of signal transducer and activator of transcription (STAT) proteins in oncogenesis has been extensively studied. In particular, STAT3 is now recognized as an oncogene implicated in many cancers, and may be required in Src-dependent oncogenesis (17) .
Thus, the aim of the current study was to investigate whether progastrin and glycine-extended gastrin might regulate in vivo proteins known to play a crucial role in cell proliferation and colon cancer development. For this purpose, expression and activation of signaling molecules were studied using immunofluorescence and Western blot analysis on colon tissue from MTI/G-gly, hGAS, and wild-type FVB/N mice. Here, we report an up-regulation of Src and related signaling pathways [PI3K/Akt, Janus-activated kinase (JAK) 2, STAT3, and extracellular-signal regulated kinases (ERK)] in the colonic mucosa of hGAS and MTI/G-gly mice compared with the wild-type FVB/N mice as well as an overexpression of transforming growth factor-a (TGF-a). In contrast, expression and localization of adhesion molecules were not affected.
Materials and Methods
Animals. hGAS and MTI/G-Gly (both in a FVB/N background) and control FVB/N mice were sex matched and 10 mice of each experimental group (22-24 weeks old) were used in this study. Mice were reared in routine animal facility of the University of Massachusetts Medical School and maintained on a 12:12 hours light-dark cycle. All the experiments were done during the daytime.
Antibodies. Immunofluorescence staining. For signaling molecules, TGF-a and epidermal growth factor receptor (EGFR), we used formaldehyde-fixed, paraffin-embedded tissues. Antigen retrieval was done on dewaxed sections by microwaving slides in 10 mmol/L citrate buffer (pH 6). After serum blocking and application of primary antibodies, the detection was done using Alexa Fluor 488 goat anti-rabbit antibody (Molecular Probes, Eugene, OR). Control slides, where the primary antibody was replaced by diluted nonimmune rabbit IgG, were checked for nonspecific reactivity before assessment of the staining. For adhesion molecules, immunofluorescence staining was done on tissues embedded in Optimal Cutting Temperature compound (Tissue-Tek, Miles, Elkhart, IN) and stored at À80jC until used. Cryosections were immunostained as previously described (18) . Slides were analyzed on a Nikon E400 microscope (Nikon Manufactory, Badhoevedorp, The Netherlands) with a Sony DXC 950 camera and Visiolab 2000 software. For comparisons, identical volumes of antibody mix were used for all samples. Immunofluorescence intensity was analyzed using the image analyzer Biocom (Lyon, France).
Isolation of colonic epithelial cells and Western blot analysis. Colonic epithelial cells were isolated as previously described (19) . Briefly, mice colonic cells were isolated by shaking the entire everted colon in a dispersing solution containing EDTA. Cells were lysed and analyzed by Western blot as previously described (20) .
Primary culture of isolated colonic epithelial cells from FVB/N mice. The method used for colonic epithelial cell preparation is a modified Booth procedure (21) . Here, after resection, colons from wild-type FVB/N mice were washed four times with culture medium (DMEM containing 15% serum, 1 mg/mL penicillin, and streptomycin) to flush out luminal contents and reduce the intestinal flora. Colons were slit open longitudinally, washed again, and incubated for 30 minutes in 30 mL culture medium in a 50 mL falcon tube. After shaking, colons were allowed to settle under gravity for 30 seconds and the top 20 mL were carefully removed. Colons were transferred into a Petri dish and colonic epithelium was gently scraped away. Tissue separation was verified under microscope. Epithelium was dissociated by pipetting and vigorous shaking in 30 mL culture medium. After this step, we followed Booth method (21) using DMEM supplemented with 15% serum and containing 1 mg/mL penicillin and streptomycin as culture medium. For Western blot analysis on primary culture of isolated colonic epithelial cells, cells were plated on dishes coated with collagen purified from rat tail. Forty-eight hours after plating, cells were treated for 48 hours with peptides (10 À8 mol/L) and then lysed.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay on primary culture. Approximately 50,000 cells/well were plated into 96-well plate that had been previously coated with collagen purified from rat tail. Forty-eight hours after plating, cells were treated for 48 hours with peptides (10 À8 mol/L) and inhibitors (10 mmol/L) when indicated. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma, St. Louis, MO) was used to measure proliferation as previously described (22) .
Results
Src status in MTI/G-gly and hGAS mice. p60-Src expression was analyzed on colonic tissue sections by immunofluorescence methods using antibodies that detect specifically total p60-Src protein irrespective of its phosphorylation status. As shown in Fig. 1 and Table 1 , tissues derived from hGAS and MTI/G-Gly mice showed high levels of Src expression compared with control FVB/N. Using a phospho-tyrosine-specific Src antibody that detects activated Src proteins, we also showed, in both transgenic models, a significant increase of Src activation ( Fig. 1 ; Table 1 ). Src overexpression and activation were then confirmed by Western blot analysis done on lysates from isolated colonic epithelial cells from the different animals ( Fig. 2) .
Regulation of signal transducer and activator of transcription 3 and Janus-activated kinase 2 in MTI/G-gly and hGAS mice. We analyzed, by immunofluorescence microscopy on colonic tissue sections, the expression levels of STAT3 using antibodies specific for STAT3 protein. We detected a significant overexpression of STAT3 in hGAS and MTI/G-Gly mice compared with wild-type controls ( Fig. 1 ; Table 1 ). In addition, colonic samples from transgenic mice also showed intense staining with antibodies specific for the phosphorylated active form of STAT3 (PY-STAT3), whereas there was a faint PY-STAT3 signal in control mice (Fig. 1) . The significant up-regulation of STAT3 in the animal models overexpressing gastrin precursors (Table 1) was confirmed by Western blot analysis using the same specific STAT3 or PY-STAT3 antibodies (Fig. 2) . In contrast to STAT3, STAT1 seems to play a role in cell growth arrest and thus is generally considered as a tumor suppressor. Immunofluorescence staining of STAT1 with either anti-STAT1 or anti-PY-STAT1 antibodies in hGAS or MTI/GGly showed no change in expression levels compared with those observed in wild-type controls (Fig. 1) .
The JAKs are well known to directly activate the STAT proteins. Among the four members of the JAK family, JAK2 is well described for its involvement in cell growth. Therefore, we tested whether gastrin precursors regulate JAK2 expression and activation in vivo. Colonic tissue sections from both transgenic mice models analyzed by immunofluorescence microscopy using an anti-JAK2 antibody showed a strong JAK2 overexpression compared with FVB/N controls ( Fig. 4; Table 1 ). Similarly, MTI/G-Gly and hGAS mice colonic tissue sections showed high levels of staining for the phosphorylated active form of JAK2 ( Fig. 1; Table 1 ) as opposed to wild-type mice. Results obtained by indirect immunofluorescence staining were correlated to those obtained by Western blot analysis using isolated colonic epithelial cells from transgenic or control mice (Fig. 2) .
The phosphatidyl inositol 3-kinase/Akt pathway in MTI/ G-gly and hGAS mice. Class I PI3Ks are heterodimers composed of a catalytic subunit p110 constitutively associated with an adaptor/regulatory subunit p85. In vitro studies previously done in our laboratory provided evidence that G-Gly in particular activates the p85/p110 PI3K (23) . In hGAS and MTI/G-Gly mice, we observed, by immunofluorescence using an anti-p85 antibody, an increase of this protein expression that might reflect an upregulation of the p85/p110 PI3K pathway ( Fig. 3 ; Table 1 ).
Akt, also known as protein kinase B, is a well-established downstream effector of PI3K. To investigate whether progastrin and G-Gly regulate the PI3K/Akt pathway activation in colonic mucosa, in vivo immunofluorescence studies were carried out using antibodies specific for total and activated Akt. As shown in Fig. 3 and Table 1 , the immunofluorescence staining obtained with the antibody directed against the phosphorylated Ser 473 of Akt (PS473-Akt) showed an increased phosphorylation of this protein in both transgenic mice models compared with wild-type FVB/N controls that seems correlated to p85 overexpression. In contrast, total Akt protein expression was unchanged in all mice models ( Fig. 3 ; Table 1 ).
The extracellular-signal regulated kinase pathway in MTI/ G-gly and hGAS mice. ERKs activation by gastrin peptides in vitro has previously been described by several groups (20, 24) . However, there is currently no in vivo information about the status of the ERK pathway in gastrin precursors signaling. Immunofluorescence analysis was done using antibodies specifically directed against ERK proteins. Colonic mucosa of hGAS and MTI/G-gly mice showed a higher level of total ERK expression compared with control FVB/N mice ( Fig. 3 ; Table 1 ) as confirmed by Western blot analysis (Fig. 2) . In addition, we analyzed in these animals ERK activation by immunofluorescence or Western blot using antibodies specific for dually phosphorylated (active) ERKs. Results show a strong immunoreactivity in transgenic mice compared with control mice (Figs. 2 and 3) . Overall, these results are consistent with an up-regulation of the ERK pathway in the colonic mucosa of mice overexpressing progastrin or G-Gly.
The two other mitogen-activated protein kinase (MAPK) cascades, JNK and p38-MAPK, were initially identified as two pathways mediating cellular stress induced by UV, proinflammatory cytokines, heat, and osmotic shocks. More recent studies have shown that JNK and p38-MAPK are also involved in the regulation of cell proliferation by growth factors or cytokines. We therefore analyzed, by immunofluorescence assays, the expression and the phosphorylation status of these two proteins. In contrast to what we observed for the ERK pathway, the regulation of JNK and p38-MAPK was not affected in transgenic mice compared with control animals (data not shown). (***), P < 0.001; (**), 0.001 < P < 0.01; (*), 0.01 < P < 0.05; (NS), P > 0.05. Abbreviation: NS, not significant. Regulation of transforming growth factor-A in MTI/G-gly and hGAS mice. The EGF-related peptide, TGF-a, is frequently coexpressed with EGFR in colon cancer. In addition, several reports indicated that TGF-a autocrine activation of the EGFR is likely an important mechanism contributing to hyperproliferation of colonic epithelial cells (25) . Indirect immunofluorescence assays with anti-TGF-a or anti-EGFR antibodies were done on colonic tissue from the different animal models. In hGAS mice, we detected a marked increase of TGF-a expression compared with wild-type FVB/N controls whereas the up-regulation observed in MTI/G-Gly animals was significantly less important. In contrast, EGFR staining was identical in all tissue sections (Fig. 3) .
Adhesion in colonic mucosa of MTI/G-gly and hGAS mice. FAK was initially discovered as a tyrosine-phosphorylated protein in Src-transformed cells. This tyrosine kinase, which is overexpressed in a variety of human cancers, might contribute to tumor progression by controlling cell survival but also focal adhesion and cell migration (26) . Analysis by immunofluorescence of FAK expression and activation using antibodies for total or activated FAK revealed no difference between hGAS or MTI/G-Gly mice and control FVB/N animals (Fig. 3) .
Loss of cell adhesion is an early event in the epithelial/ mesenchymal transition, which occurs during tumor progression. Catenins, including a-, h-, and p120-catenin, are proteins that mediate cell-to-cell adhesion by connecting the transmembrane glycoprotein, cadherins, to the actin network. Recently, Hollande et al. (24, 27) have shown in vitro, on gastric or colonic epithelial cells, that G-Gly and progastrin are capable to dissociate the E-cadherin/ h-catenin complex through signaling pathways that include the PI3K. In addition, it was reported that an elevated Src kinase activity in colon cancer cells disturbs membrane localization of E-cadherin and cell-to-cell junctions (28) .
In this study, we have investigated whether the adhesion complexes were differentially regulated in hGAS and MTI/G-Gly mice compared with the FVB/N mice. Western blot analysis (Fig. 4A) did not indicate any change in the expression of adhesion proteins between hGAS, MTI/G-Gly, or FVB/N mice. In agreement with these results, stainings for E-cadherin, h-catenin, or p120-catenin in hGAS and MTI/G-Gly animals seemed to be identical to that observed in control mice (Fig. 4B) .
Involvement of Src, Janus-activated kinase 2, and phosphatidyl inositol 3V -kinase pathways in cell proliferation induced by gastrin precursors. To further explore the mechanisms that may be responsible for the effect of gastrin precursors on colonic mucosal proliferation, we used primary colonic epithelial cells isolated from FVB/N mice as described in Materials and Methods. After 4 days of primary culture, the preparation of isolated colonic epithelial cells was controlled by Western blot analysis using two different markers: E-cadherin, a marker of differentiated epithelial tissues, and vimentin, a general marker of cells originating in the mesenchyme. As expected, the colonic primary culture cells do not express the vimentin but display a high E-cadherin expression, in contrast to what is observed for the control A10 cells (thoracic Western blot analysis of signaling molecules: Western blots were done on lysates from colonic epithelial cells using antibodies specific for the total forms (A) or the active forms (B) of the indicated proteins. The blots were also probed with an antibody against GAPDH to ensure equal loading of proteins. Representative autoradiograms from three experiments (three different animals in each group) are shown. The Western blots for total proteins have been quantitated by densitometric scanning. Means F SE are expressed as percentages of the control values FVB/N (JAK2: hGAS **434% F 57, MTI-G-gly **223% F 24; STAT3: hGAS **307% F 41, MTI-G-gly **281% F 30; Src: hGAS ***275% F 13, MTI-G-gly ***181% F 5; ERK: hGAS ***416% F 11, MTI-G-gly **266% F 26). Statistical analysis (Student's t test) was done using GraphPad Prism. ***P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05; NS , not significant, P > 0.05. aorta myoblast cells; Fig. 5A ). In these conditions, proliferation rates of the primary culture cells, as determined by MTT assays after progastrin or G-Gly stimulation (Fig. 5B) , confirmed the growth effects of these peptides observed in transgenic mice. JAK2 and Src are the two tyrosine kinases potentially involved upstream of the signaling pathways activated in colonic mucosa of MTI/Ggly and hGAS mice. These tyrosine kinases are also activated in primary colonic epithelial cells isolated from FVB/N mice in response to G-gly or progastrin (Fig. 5C ). Therefore, we tested in this model the involvement of JAK2, Src, but also the PI3K pathway on the colonic epithelial cells proliferation induced by G-Gly or progastrin. Pretreatment of the colonic epithelial cells with inhibitors for Src (PP2), JAK2 (AG490), or PI-3K (LY294002) reverse the effects of gastrin precursors, indicating the potential role of these signaling molecules in colonic mucosal proliferation induced by progastrin or G-Gly (Fig. 5D ).
Discussion
The development of cancer is thought to be dependent on the progressive perturbation or usurpation of normal signaling pathways involved in cell proliferation, thus conferring a growth advantage to the cells. This study is the first to analyze the expression and the activation of signaling molecules in transgenic mice models with colonic hyperplasia that overexpress incompletely processed forms of gastrin (G-Gly and progastrin). Our results indicate that transition from a normal colonic epithelium in control FVB/N mice to a hyperproliferative epithelium in MTI/G-Gly and hGAS mice may be a consequence of the up-regulation of several key signal transduction pathways ( Table 1) .
The Src family kinases play a key role in carcinogenesis, controlling multiple signaling pathways involved in such diverse processes as cell growth, migration, and survival. In a variety of carcinomas, including those derived from the colon, the expression and activation of Src is markedly increased. Moreover, high levels of activation have been observed in colonic polyps and adenomas, indicating that deregulation of Src kinases may also be an early event in colonic carcinogenesis (13, 14) . In both MTI/G-Gly and hGAS mice, we showed increased Src protein expression and activity compared with control FVB/N mice. This deregulation of Src kinases might be a causal factor in the hyperproliferation of the colonic mucosa observed in these mice, as well as in the predisposition of these animals to develop colon adenomas and carcinomas in response to a chemical carcinogen. Whereas one study has reported the in vitro activation of Src by the gastrin precursor, progastrin (8) , this study is the first to show in vivo the up-regulation of Src by incompletely processed forms of gastrin (G-Gly and progastrin).
STAT3 belongs to a family of transcription factors that play a variety of roles in normal cellular processes. However, several studies have proposed that aberrant activation of STAT3 might be involved in the initiation and progression of human cancers through upregulation of genes involved in cell cycle progression or apoptosis inhibition. STAT3 has been shown to possess oncogenic potential and its constitutive activation has been detected in a wide variety of human tumors (17) . However, to our knowledge, there is currently little or no information with respect to the up-regulation of STAT3 in colonic neoplasia. In the colonic mucosa of MTI/G-Gly and hGAS mice, we observed an overexpression and increased activation of STAT3. In addition, the high level of JAK2 kinase activity observed in these mice compared with control FVB/N mice may be one mechanism leading to constitutive activation of STAT3 and, consecutively, to cell proliferation in these models. Among the other tyrosine kinases that may be responsible for the hyperactivation of STAT3 in our mice models, Src is a good candidate. STAT3 protein has been shown to directly associate with Src, and seems to increase the oncogenic potential of this kinase. In addition, STAT3 is constitutively active in many cell lines transformed by v-Src (29) (30) (31) .
Akt phosphorylation, which occurs downstream of the PI3K pathway, has been shown to be involved in antiapoptotic effects, cell survival, and proliferation. In particular, this pathway has been involved in intestinal epithelial proliferation (32) . Akt may also contribute to tumor progression and development in human cancers. Indeed, in various tumoral cells, including those from colonic origin, high levels of Akt phosphorylation on Ser 473 have been detected and correlated with increased cellular proliferation (16) . In addition, inhibition of the PI3K/Akt pathway by a specific PI3K inhibitor causes apoptosis in several human colonic cancer cells in vitro as well as in vivo (15) . Our results strongly support a crucial role of this signaling pathway in the regulation of cell proliferation induced by incompletely processed forms of gastrin. Indeed, we show, in the colonic mucosa of MTI/G-Gly and hGAS mice, an up-regulation of the p85 regulatory subunit of PI3K and Akt.
The role of the ERK pathway in the regulation of cellular growth is well documented. This signaling cascade has been implicated in the proliferative effects induced by tyrosine kinase receptors, cytokine receptors, and G protein-coupled receptors. The ERKs are activated by many oncogene proteins, and increased ERK phosphorylation has been observed in several human cancers and may contribute to the neoplastic phenotype (33, 34) . However, there is currently very little information regarding the role of the ERK pathway in the early stage of carcinogenesis. Detection of high levels of ERK expression and activation in the colonic mucosa of MTI/G-Gly and hGAS mice strongly supports that ERK activity is one of the factors contributing to cell proliferation induced by gastrin precursors in vivo. Recently, Varro et al. (35) have shown that mature amidated gastrin stimulates the ERK pathway and gastric cell proliferation through release of heparin binding EGF and the paracrine stimulation of EGFRs. Because we observed in MTI/G-Gly and hGAS mice an overexpression of TGF-a, we can make the hypothesis that ERK activation by gastrin precursors may also be the result of EGFR transactivation.
Our study shows that both gastrin precursors, G-Gly and progastrin, induce in vivo signaling pathways that could explain their effects on proliferation of the colonic mucosa. Whether these effects are mediated through the same receptor remains an open question. At present, the receptors for these precursor peptides have not been cloned. However, in previous reports, binding studies have allowed the characterization of at least two pharmacologically different receptors, distinct from the CCK1 and CCK2 receptors: one receptor, specific for G-gly, which does not bind the mature form of gastrin nor the specific antagonists of the gastrin/CCK2 receptor (6, 36) , and a second receptor, which binds both gastrin precursors and amidated gastrin (7) . Both of these pharmacologic forms have been shown to mediate in vitro the proliferative effects of gastrin precursor peptides. The current study has revealed some differences in signaling. Thus, whereas both G-gly and progastrin resulted in strong up-regulation of Src, JAK2, and STAT3 activation, progastrin stimulation resulted in significantly greater activation of ERK and Akt pathways as well as in overexpression of TGF-a. These results strongly support the existence of more than one additional receptor for gastrin precursors.
Besides its role in cell adhesion, h-catenin is also a transcription factor interacting with the LEF/TCF family, which regulates the expression of target genes potentially involved in cell proliferation (37) . Deregulation of cell-to-cell adhesion and accumulation of h-catenin in the nucleus are frequently observed in colon cancer but it is likely that these events seem late in the tumor progression. Indeed, alteration of cell-to-cell adhesion and in particular downregulation of E-cadherin expression have been correlated to migration and metastatic potential of cancer cells. In addition, formation of active complexes LEF/TCF/h-catenin in the nucleus D ) . Western blots for PY-JAK2 and PY418-Src were done on lysate of colonic epithelial cells (C ). Columns, mean; bars, SE (n = 5). Statistical analysis (Student's t test) was done using GraphPad Prism. ***P < 0.001; ** 0.001 < P < 0.01; * 0.01 < P < 0.05; ns P > 0.05.
results, in most cases of human colorectal cancers, from mutations of the APC tumor suppressor or of h-catenin itself. These observations may explain why the localization and expression of adherens junction molecules were unchanged in the colonic mucosa in MTI/G-Gly and hGAS mice, which exhibit a hyperproliferation of the colonic cells but do not develop tumors.
Several studies have suggested that abnormal proliferation of the colonic mucosa in patients contributes to increased colon cancer risk (38) (39) (40) (41) (42) (43) (44) (45) . In addition, a recent study suggests that the risk for developing colorectal carcinoma is increased in patients with hypergastrinemia (46) . Nonamidated gastrins, such as progastrin and G-Gly, are now recognized as factors inducing proliferation of colonic epithelial cells (10) . Because the gastrin precursors are overexpressed by preneoplastic lesions, such as colonic polyps, it can be speculated that they might contribute to the initiation phases of colon carcinogenesis by up-regulating signaling pathways involved in cellular proliferation and cell survival. However, although progastrin and G-Gly are capable of stimulating colonic epithelial cell proliferation in vivo, their overexpression alone in hGAS or MTI/ G-Gly mice does not lead to a tumor phenotype. A ''second hit, '' most likely as genetic alterations, such as a mutation of K-ras, APC, or p53, is likely necessary for tumor initiation. Interestingly, hGAS mice treated with a chemical carcinogen, azoxymethane, known to induce such mutations, display an increased predisposition to develop colonic adenocarcinoma compared with wild-type animals.
At the same time, gastrin precursors are also produced by human colon cancer cells and are thought to act as autocrine growth factors. Thus, nonamidated gastrins might also be involved later in tumor progression, after genetic alterations, by conferring a growth advantage to the cells through the constitutive activation of several signaling pathways. It is interesting to note that some mutations that appear during colon carcinogenesis, such as K-ras or APC mutations, potentially increase gastrin gene expression by colon cancer cells (47) . In addition, TGF-a, which is overexpressed in hGAS mice, also regulates gastrin gene expression in colon cancer cells and might contribute to maintain the autocrine loop of the gastrin precursors (48) .
In summary, this article provides the first evidence that the upregulation of several signaling pathways, including Src, PI3K/Akt, JAK2/STAT3, and ERKs, as well as an overexpression of growth factors, such as TGF-a, is associated with colonic mucosa hyperproliferation in transgenic mice overexpressing progastrin or glycine-extended gastrin.
